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Abstract
“l’he Cassini  project at the Jet Propulsion

I ,aboratory O1)l.) is implementing a spacecraft
telemetry system based on the Consultative
Committee for Space Data Systems (CCSDS)
packet telemetry standards. Resolving the
CCSDS concepts with a Ground Data System
designed to handle time-division-multiplexed
tclemetly  and also handling constraints unique
to a deep-space planetary spacecraft (such as
fixed downlink opportunities, small downlink
rates and requirements for on-board data
stora~c) have resulted in spacecraft and ground
systetn design challenges. Solving these design
challenges involved adapting and extending the
CCSDS telemetry standards as well as changes
to dlc spacecraft and ground system designs.
‘1’hc resulting spacecraft/ground system design is
an cxalnple  of how new ideas and philosophies
can be incorporated into existing systems and
design approaches without requiring significant
rework. In addition, it shows that the CCSDS
telemetry standards can be successfully applied
to deep-space planetary spacecraft.

1.0 Introduction

In order to provide context, this section
describes the Cassini  Mission, Cassini
Spacecraft, and Cassini  Ground System.

1.1 Cassini  Mission

“l-he goal of the Cassini  mission is to
provide in-depth exploration of the Saturnian
system. “I”his includes the planet itself, the rings
and magnetosphere, the moon Titan, and eight
icy satellites. I.aunch  of the Cassini  spacecraft is

set for October 1997. ‘J<he trajectory to Saturn
will take 6.7 years and require flybys of Venus
and F.arth for gravity assists. “1’hc  trajectory also
includes a Jupiter flyby. Arriving at Saturn in
JLInc 2004, the spacecraft will perform a Saturn
Orbit lnscrtion  (S01) maneuver and will orbit
the planet for four years, until June 2008. “~<his
will prxwidc a 60 orbit tour that includes 33
Titan flybys. During the first or second flyby,
the Huygens probe (I)rovided  by MA) will be
released to study the atmosphere of the satellite.
On so!ne of the remaining ‘I”itan flybys, a
synthclic  aperture radar (SAR) will be used to
penetrate the obscuring atmosphere ofl”itan to
take SAR images of the moon’s surface.

1.2 Cassini  Spacecraft_——

The Cassini spacecraft is approximately
6.6o meters (m) long, 4.o m in diameter, and
has a olass allocation of 5,655 kilograms (kg)
(2,523 for the spacecraft, and 3,132 for fuel).
The spacecraft is subdivided into two major
components - the orbiter and the Huygens
probe. ‘I”he orbiter delivers the Huygcns  probe
to Saturn’s moon Titan, then continues with the
recc)nnaissance  of Saturnian system. Cassini  is
somewhat unique for a planetary spacecraft in
that it has no articulated platforms. The orbiter
must orient itself in order to point any
directional device, e.g. cameras or antennas.

The spacecraft contains six major engineering
subsystems:

1) Radio I~requency  Subsystem (RFS)
- uplink command reception
- telemetry transmission
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2) Con~n~andand  Data  SubsYsten~
(CDS)
- uplink command processing
- spacecraft intercomnlunicat  iol)
- tclcmcxry packet collection
- on-board telemetry storage
- telemetry frame creation

3) Attitude and Articulation Control
Subsystem (AACS)
- attitude determination
- a(titude  contro]
- thrust vector control
- main engine control

4) Propulsion Module Subsystem
(PMS)
- propellant tanks
- thrusters
- main engines

5) Power and Pyrotechnics !hbsystem
(PPS)  -

- power supply, conditioning
and control

- pyrotechnic firing circuitry

6) Probe Support Avionics (PSA)
- interface to Huygens Probe
- probe commanding
- probe mission telemetry

‘] ’he Cassini  orbiter’s science payload is a
set of twelve science imtruments  (the Huygcns
probe also has its own science payload, which
will not be discussed here, as collection of this
science data is managed by the probe). The
twelve instruments arc made up of four optical
remote sensing science instruments, six fields,
particles and waves science instruments, and two
microwave remote sensing science instruments.

3“11c  spacecraft is relatively quiescent
during its cruise to Saturn and is in
communication with F.arth usually only once
per week. Once in Saturn orbit, the orbiter will
be in daily contact with the ground. While in
orbit around Saturn, the orbiter will collect
scicncc  data for sixteen hours and then will
point the high gain antenna at the earth to

downlink  the data for eight hours. ‘1’here arc
eight downlink rates used for transmitting the
scicnc(” data during the tour phase. ‘1’hesc rates
vary from 14,220 to 165,900 bps. In order to
accommodate data collection while not pointing
at Earth,  the orbiter has the capability to store
up to four gigabits ofdata on a solid-state
rccordcr  (SSR).

1.3 Cassini  GrolLrKJ System  (Telemetry)
“l”he telemetry processing portion of the

Cassini Ground Systcm is based upon a system
dcvelo])ed for multi-mission operations. l-his
system was used with the Magellan,  Mars
Observer and Galileo spacecraft. Adaptations to
this system to support Cassini  were planned, but
no arc}lirectural changes were to be made.

‘I”hc multi-missic)n system was designed
to supj)ort  time-division-mu]tiplcxed (TDM)
telemetry structures used on previous spacecraft
programs such as Voyager, Galileo and
Magellan. ‘1’DM tclcmctry  is characterized by
fixed-size telemetry flames,  which contain
rneasut ements in a fixed order, with only very
specific and limited variations (e.g.,
subcolnmutation).  “j ‘hmc frames are
transmitted to the ground at only a small
numbtr  of quantit  ized dc)wnlink rates. Each
frame contains a syr}chronization  pattern which
provides the ground system a means for
dctern]ining  frame boundaries.

The tcsulting  multi-mission system,
used as the basis for lhc Cassini  telemetry
processing system, placed strict limits on the
flexibility of telemetry production on the
spacec] aft. For example, these strictures
prevented the LNC of variable size transfer frames,
p]accd restrictions on telemetry packet size
variability and measurement placement, did not
allow time-tagging below the packet level, and
did noL easily handle multiple measurements in
a single packet (supcrcommutation).
Incorporating CCSDS telemetry design
concepts, which encourage telemetry systems to
be cxtlemely  flexible, in this environment
presen[ed  many challenges.
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LO Process for lncorporatinz CCSDS
Standards

‘1’hc incorporation of the CCS1>S
s[anctards and philosophy into spacecraft
tclemctty  systems at JP1.  is a continuing process
which has progressed through many stages. The
Mars (lbscl-vcr  (MO) spacecraft was the first
J l)l. spacecraft to use the CCSDS telemetry
standards. C.assini is the second application,
and while the Cassini  telemetry design is
constrained in many similar ways as the MC)
design, it also moves closer to implementing the
CCSDS telemetry philosophy.

z] Difflcultics with CCSDS Philosophy
‘1’hc Cassini  project decided to use the

CCSDS standards for both the command and
tclcmctry  functions. However, full
incorporation of (he telemetry standards and
p}lilosophy  }lelel some challenges due to
limitations of the Cassini  mission, necessary
characteristics of deep-space spacecraft, and
differences bctwccn  the CCSDS design concepts
and the JPL culture.

“l-hc CCSDS telemetry standards
provide a generic protocol for transferring
observational data from the instrument to the
end-user. This protocol was designed to
facilitate “the acquisition and transmission of
instrument data at a rate appropriate to the
phenomenon being observed” 1. This implies a
design concept of demand-driven telemetty,
where the tclcmctly producers determine the
rate and size of the tclcmetty  packets they
produce, instead of a centralized packet
collector. In addition, the CCXDS standards
form a Iaycrcd telemctty  architecture, in which
each layer depends on a set ofwell-defined
functions provided by the neighboring layers.
This design concept focuses on the telemetry
functions to be performed, rather than the form
of the tclcmctry  systcm, and allows the physical
dcsigo to be decoupled from the telemetry
collection process.

‘l$hc nature of the Cassini  mission
involves constraints which do not apply to other
spacecraft, in particular the earth-orbiting
spacecraft for which the CCSDS standards were
primarily designed. ‘1’hcsc constraints include a

limited downlink  rate a[]d constrained
transmission opporl unilics,  which in turn affect
the design of the on-board data storage system.

‘l’he trajectory for the Cassini mission
requitxs telemetry links at distances up to 10
AU over three antc~l~]as (1 high-gain, 2 low-
gain), many times with a constrained attitude
due to thermal lio]itatiom.  “1’hc downlink rates
for the first two ycats of the mission (with
exception ofonc month-long period) range
from 948 bits/see down to 20 bits/see. l-he
limited downlink rate is an implicit requirement
for efficient collection and transmission of the
spacccl aft telemetry. I;ccause  the CCSDS
standards require comidcrable  overhead (96 bits
per telemetry packe[, plus frame overhead), the
average size of a C,assini telemetry packet is
approximately 8000 bits. ‘1’hc large size results
in a header overheacl which is approximately
15?ko (considered to be arcasonable  amount).
However, at the low downlink  rates during the
early part of the mission, large packet sizes and
large flame size (the Cassini  frame size is fixed at
10112. bits) create problems with frame
synchronization and measurement time-tagging.
The large transfer ftamc  size causes long
intervals between reception of sync signals at
low dowrdink rates, which increases the
likelihood of a ground glitch or transmission
channel noise causing an error which causes loss
of the frame. Large packet sizes result in long
periods bctwccn  mcasurcmcnt  updates (since
supercommutated  mcasurcmcnts  cannot be
uniquely time-tagged, each packet contains only
one instance of a measurement).

l’hc constrained downlink opportunities
come from the Llsc of the Deep Space Network
(DSN), a necessary rcsourcc  for deep-space
missions which is shared with many other
spacecraft. I“hc availability of the DSN
receiving stations drives the spacecraft data
storage design. A spacecraft design which
produces a regular and predictable amount of
tclemctty  is required as the scheduling of the
DSN stations is done months in advance and
only ill emergency situations can a station be
requested “on-the-fly” (as opposed to most
earth-orbiting spacccraf( which have continuous
covers ge). “l-hcrefore  the maximum volume of

3
American Institute of Aeronautics and Astronautics



data collcctccl  between downlink  passes must be
known in advance to avoid losing data duc to
oversubscription of the available storage volume.
It is difficult to develop an efficient telemetry
systcm with this constraint, given that scicncc
instruments do not always produce predictable
amounts of data, duc to the type of data being
taken or variab!c-ratio  compression algorithms.
“l”he collection and playback of telcn~etLy must
bc balanced with the availab]c downlink
opportunities.

JP1.  has a history of producing extremely
reliable spacecraft to perform the deep-space
scicncc  missions traditionally associated with
JPI.. A Iargc part ofcnsuring the reliability of
JP1.  spacecraft is in the testing and verification
done prc-launch.  JP1.  spacecraft are designed to
perform their functions in a simple, reliable and
deterministic manner. “1’hc “I”DM tclcmctry
system used on previous JP1. projects in
completely deterministic, and can bc verified in
a straightforward manner. In contrast, the
systems envisioned by the CXXDS, which use
concepts such as demand-driven telemetry, arc
more difficult (and time-consuming) to test
rigorously. DLIC to this issue, there is a
hesitancy at JPI, to develop telemetry systems
which fully utilim  the potcntia]  of packet
telemetry systems. For example, the telemetry
system on Mars Observer spacecraft, which
implemented the CCSDS telemetry standards,
required al] telemetry packet producers to use
the same packet size at all times. ‘1’he experience
of building the MO design enabled the C.assini
telemetry systcm to take another step toward
dctnand-driven tclcmctty,  but it is still limited
in its implementation of the design concepts
endorsed by the CCSDS.

2.2 Architectural Decisions
In the Cassini  pre-project phase, a team

was formed to discuss how much of the CCSDS
telemetry standards would bc incorporated in
the Cassini  design. The decisions of this team,
whose members included developers of the MO
telemetry systcm,  formed the basis of the Cassini
spacecraft tc]cmetry  system. “1’hc protocol  of the
CCSIIS tclcmctry standards was accepted, but
the concept of a demand-driven tclcmetty

system was not. Onc of the most significant
architcctura]  decisions was to dcvc]op a
schedule-driven packet collection scheme, rather
than a demand-driven. Under this schcJne,  a
spacecraft te]emctry Inodc (S’1’M) tab]c woLIld
be defined which WOUICI control the packet
cc)]lection, packet routing and associated
down] ink rate. Within a S’I’M, packet size and
rate from each source is fixed, but are allowed to
be different in otheI  S’1’MS. A set of S’l”Ms
would be developed to provide for the varied
telemetry needs ovel the course of the mission.
ChanSes  to any portion of the spacecraft
telemetry moclc specification (co]lcction,  routing
or downlink  rate) recluired  the definition ofa
new spacecraft te]cnwtry mode. “l-his approach,
althou~h it allows a packet telemetry system to
be used on a planetary spacecraft, still severely
constrains the spacecraft’s ability to allow data
producers to independently determine and vary
both dle rate and amount of tclcmctry  data they
produce over time.

2.3 System Desigrl
With this architecture in place, the

designers of the spacecraft information system
began the process of developing in more detail
the spacecraft tclcmctry  system. It soon bccamc
evident that additional capabilities, which
expanded on the architectural design without
violating the architectural principles, testability
or ground system capabilities, would bc required
in c)rdcr to have a viable telemetry systcm
design. Many of these extensions incorporated
elements of the CCSI )S telemetry philosophy.

An important capability is the ability of
a telemetry  producer to vary the contents
(format) of their telemetry packets. Although
the CI}S collects  te]emetry from each producer
at a fixed rate and fixed packet size (within a
STM), if the size and rate remain the same, the
instru!nent  or subsystem may change the
contents of the packets produced based on
internal mode chan{;cs. “l-his allows soJnc
telemetry variability within a given S“l”M. “I”he
packet variations arc identified by a different
application process identifier (APID)  in the
packet header. 1 lowcvcr,  since only a limited
number of bits is available for differentiating
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packet tyl>cs, each subsystem is limited to at
most 64 packet variations.

Another capability available for packet
producers to vary the contents of their packets is
throl]gb  the usc of mini-packets. Mini-packets
arc an extension of the CCSDS packet telcrnccry
standards which allow for greater flexibility in
placcrncnt  of mcasuretncnts  within a packet.
Although changing the packet type provides
some variability, a significant restriction is that
within a packet type, mcasurcmcnt  positions arc
fixed (due to constraints of the ground system).
“l’his, in combination with the limited number
of packet types allowed per subsystem,
constrains the variability in a given subsystcm’s
or instrument’s telcrnctry.  ‘l’his was especially
restrictive to the AACS  team, since the AACS
must pmvidc  accurate and rcgu]ar tc]cmetty  for
correlation ofscicncc data and analysis of
control system performance (e.g., attitude and
rate data). Mini-packets arc small collections of
related measurements which have all been
sampled within a certain, small time-frame.
Mini-packets were first used on Mars Observer,
but their implementation was constrained -
limited to a fixed number of orientations.
Cassini  has extended the mini-packet concept to
allow placcrncnt  of mini-packets anywhere
within the packet, enabling much more flexible
and event-driven tclcmetryz.  In addition,
Cassini  mini-packets contain small time-tags,
which when combined with the packet time-tag,
provide fine timing resolution within the packet
(i.e., beyond the accuracy provided by the
packet time-tag). As a result, many instances of
the same mini-packet can be collected and
placed in the same packet, allowing
measurement sampling at a rate greater than the
packet collection rate, without the difficulties of
supercomrnutation.  The Cassini
implementation of mini-packets required some
modifications to the ground system software,
but due to the support of ground system
developers during the process, a design which
provided the required capabilities to the
spacecraft was developed with minimal cost and
impacts.

In order to provide packet producers
with the capability to adjust the rate as well as

the contents of tclcnletry  packets, a concept
known as “zero-lct~gtb packets” (ZI.I)S) was
introduced. Y. I .l)s arc ~)ackets produced when
an instrument has not collcctcd  enough
information to provide a packet at the sc}lcdulcd
packet pickup. ZIYS are identified by setting
the length field in the packet header to an
invalid (too small) value, but the actual size of
the packet is the size defined for that producer
in the current S’1’M. 7.1 .l)s are collcctcd  by the
CDS, lmt arc not stol-cd or downlinkcd.  “I<his
al]ows instruments to LISC only as much of their
packet collection rate allocation in a given STM
as needed. “I”hc packet collection rate allocation
is usually set at the maximum data rate the
instrur]~ent is allowed to produce in that S-l<M,
so the instruments can vary the effective output
data rate without affecting the spacecraft
telemetry moc{e. “l”his allows instruments with
variable-ratio compression algorithms to LISC Icss
downlink bandwidth and avoid storing packets
which contain no data on the SSR. “1’his
capability, which gives the packet producers
limited control over the volume of data
produced, is a significant step toward allowing
demand-driven telemetry.

LO Resulting Capabilities
As a result of the implementation of the

Cassini telemetry system, many of the
capabilities envisioned by the CCSDS have been
made }Jossible within the mission and
architectural constraints. Additionally, there
have been some resulting benefits which increase
the quality of the spacecraft telernctry.

While the Cassini spacecraft telcmett-y
systcm began as a very limited implementation
of the CCSDS standards and philosophies, the
aciditional capabilities which were incorporated
show an evolution toward the CCSDS design
conce[>ts. The STMS used by Cassini  limit the
numhcr  of telemetry producers at a given time
and also dictate the amount of data each
producer is allowed to produce. However, the
zero-length packet concept allows a telemetry
producer to vary the actual data volume within
the Iinlit set by the S’1’M. In addition, changing
the packet type or the usc of mini-packets gives
telemetry producers a great deal of control over

5
American Institute of Aeronautics and Astronautics



the tclcmctry  proctuccd. When these concepts
arc used effectively by the telemetry producer,
the very cfficicnt  usc of the limited telemetry
rcsou rces can be accomplished.

In addition, the mini-packet concept
provided a secondary benefit to the end-users of
the spacecraft tclcmctry  - greater measurement
intercorrelation.  Onc of the results of the large
size of the Cassini  telemetry packets is coarse
indication of measurement samplin~ time.
F,vcn at high downlink rates, several seconds
may pass between the collection of successive
packets from an engineering subsystem.
Because measurements arc time-tagged with the
packet time, it is difficult to determine exactly
when a mcasurcmcnt  changes values or when
mcasurcmcnts  within  a packet were sampled
with respect to one another. However, nlini-
packets can be used to sample measurements
faster than once per packet. This allows for
much better resolution of important
n~easurcments  and better intcrcorrclation
between mcasurcmcnts  because the mini-packet
time-tag applies to a smaller number of
measurements.

4.0 Conclusions
“l-he CCSDS telemetry standards can be

successfully applied to deep-space planetary
missions, even in an environment of rigorous
testing, design conservatism and biased culture.
“l’he Cassini  tclcmctry  system is an example of
this, as it incorporates the CCSDS protocols
and even with scvcrc architectural constraints, is
a flexible telemetry system not unlike the
systems envisioned by the CCSDS designers.
“l”his was accomplished by developing solutions
which allowed variability in the spacecraft
telemetry while remaining within the
architectural! tenets of the design and the
constraints of the mission. The Cassini  design
solutions, and the solutions used on the Mars
Observer spacecraft, reflect an evolution in JPI.
spacecraft telemetry systems away from the
traditional time-division-multiplexed systems
toward systems which completely embrace the
CCSDS standards and philosophy.
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Abstract
“l’he Cassini  project at the Jet Propulsion

I Laboratory 01)1,) is inlplcmenting  a spacecraft
telemetry system based on the Consultative
Committee for Space l~ata Systems (CCSDS)
packet tclcmctry  standards. Resolving the
CCSDS concepts with a Ground Data System
designed to handle time-division-multiplexed
telemetry and also handling constraints unique
to a deep-space planetary spacecraft (such as
fixed downlink opportunities, small downlink
rates and requirements for on-board data
storage) have resulted in spacecraft and ground
systcm design challenges. Solving these design
challenges involved adapting and extending the
CCSDS telemetry standards as well as changes
to the spacecraft and ground system designs,
The resulting spacecraft/ground system design is
an example of how new ideas and philosophies
can be incorporated into existing systems and
design approaches without requiring significant
rework, In addition, it shows that the CCSDS
telemetry standards can be successft]l]y applied
to deep-space p]anctary spacecraft.

1.0 introduction

In order to provide context, this section
dcscribcs  the Cassini  Mission, Cassini
Spacecraft, and Cassini Ground System.

1.1 Cassini  Mission

‘l”hc goal of the Cassini mission is to
provide in-depth exploration of the Saturnian
system. ‘l’his includes the planet itself, the rings
and magnctosphcrc,  the moon Titan, and eight
icy satellites. 1,aunch of the Cassini spacecraft is

set for October 1997. ‘1’he trajectory to Saturn
will take 6.7 years and require flybys of Venus
and Eat th for gravity assists. ‘l’he trajectory also
includc,s a Jupiter flyby. Arriving at Saturn in
June 2004, the spacecraft will perform a Saturn
Orbit Insertion (S01) maneuver and will orbit
the pla]let for four years, until June 2008. This
will provide a 60 orbit tour that includes 33
Titan flybys. ]Iuring  the first or second flyby,
the Huygens probe (provided by ESA) will be
released to study the atmosphere of the satellite.
On sonle of the remaining l’itan flybys, a
synthetic aperture radar (SAR) will be used to
penetrate the obscuring atmosphere of ’1 ’itan to
take SAR  images of the moon’s surface.

1.2 Cassini  Spacecraft

The Cassini  spacecraft is approximately
6.6o meters (m) long, 4.o m in diameter, and
has a mass allocation of 5,655 kilograms (kg)
(2,523 for the spacecraft, and 3,132 for fuel).
“l”he spacecraft is subdivided into two major
components - the orbiter and the Huygens
probe. The orbiter delivers the Huygens probe
to Satul n’s moon ‘1 “itan, then continues with the
reconnaissance of Satllroian  system. Cassini  is
somewhat uniclue for a planetary spacecraft in
that it has no articulated platforms. ‘l”he orbiter
must o] ient itself  in order to point any
directional device, e.g. cameras or antennas.

The spacecraft contains six major engineering
subsystems:

1) Radio Frequency Subsystem (RFS)
- uldil]k command reception
- telemetry transmission
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2) Command and Data Subsystem
(CDS)
- uplink command processing
- spacecraft intercommunication
- telemetry packet collection
- on-board telemetry storage
- telemetry frame creation

3) Attitude and Articulation Control
Subsystem (AACS)
- attitude determination
- attitude control
- thrust vector control
- main engine control

4) Propulsion Module  Subsystem
(PMS)
- }>ropellant tanks
- thrusters
- main engines

5) Power and Pyrotechnics Subsystem
(PPS)
- power supply, conditioning

and control
- pyrotechtlic  firing circuitry

6) Probe Support Avionics (PSA)
- intcrfacc  to H u ygens Probe
- probe commanding
- probe mission telemetry

‘l”he Cassini  orbiter’s science payload is a
set of twelve scicncc  instruments (the HuYgens
probe also has its own science payload, which
will not be discussed here, as collection of this
science data is managed by the probe). The
twelve instruments are made up of four optical
remote sensing science instruments, six fields,
partic]cs and waves science instruments, and two
microwave remote sensing science instruments.

‘1’hc spacecraft is rclat ively quiescent
during its cruise to Saturn and is in
communication with F,arth usually only once
pcr week. Oncc in Saturn orbit, the orbiter will
[w in daily contact with the ground. While in
orbit around Saturn, the orbiter will collect
scicncc  data for sixteen hours and then will
point the high gain antenna at the earth to

downlilik  the data for eight hours. There are
eight downlink rates tlsed for transmitting the
science data during the tour phase. “1’hese  rates
vary from 14,220 to 165,900 bps. In order to
accommodate data collection while not pointing
at Earth, the orbiter has the capability to store
up to four gigabits of data on a solid-state
recorder (SSR).

h3QssWr~und.Smnl  (Telemeq)
The telemetry processing portion of the

Cassini Ground system  is based LIpon a system
developed for multi-mission operations. ‘l’his
system was used with the Magellan,  Mars
Observcr  and Galileo spacecraft. Adaptations to
this system to support Cassini  were planned, but
no architectural changes were to be made.

The multi-mission system was designed
to support time-division-multiplexed (I”DM)
telemet]y  structures used on previous spacecraft
programs such as Voyager, Galileo and
Mage]lan. I“IIM telemetry is characterized by
fixed-si~.e telemetry frames, which contain
measurements in a fixed order, with only very
specific and limited variations (e.g.,
subcommutation).  “1’hesc  frames are
transmitted to the ground at only a small
numbcJ ofquantitized  downlink  rates. F,ach
frame contains a synchronization pattern which
provides the ground system a means for
determining frame boundaries.

The resultins  multi-mission system,
used as the basis for the C.assini  telemetry
processing system, placed strict limits on the
flexibility of tclcmctry  production on the
spacecraft. For  example, these strictures
prevented the use of variable size transfer frames,
placed restrictions on telemetry packet size
variability and measurement placement, did not
allow time-tagging below the packet level, and
did not easily handle multiple measurements in
a single packet (st]l~c]col~~t~ltltation).
Incorporating CCSDS telemetry design
concepts, which encourage telemetry systems to
be extremely flexible, in this environment
presented many challenges.
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2.0 Process for Incorporatitw CCSDS
Standards

The incorporation of the CCSDS
standards and philosophy into spacecraft
telemetry systems at J]}I. is a continuing process
which has progressed through many stages. ‘j”he
Mars Obscrver  (M()) spacecraft was the first
J 1]1, spacecraft to use the CCSDS telemetry
standards. Cassini  is the second application,
and while the Cassini telemetry design is
constrained in many similar ways as the MO
design, it also moves closer to implementing the
CCSDS telemet]y  philosophy.

2.1 Difficulties with CCSDS Philos&
“l’he Cassini project decided to use the

CCSDS standards for both the command and
telemetry functions. However, full
incorporation of the telemetry standards and
philosophy held some challenges due to
limitations of the Cassini  mission, necessary
characteristics of deep-space spacecraft, and
differences between the CCSDS design concepts
and the JPI. culture.

‘l”he CCSDS telemetry standards
provide a generic protocol for transferring
observational data from the instrument to the
end-user. “1 ‘his protocol was designed to
facilitate “the acquisition and transmission of
instrument data at a rate appropriate to the
phenomenon being observed” 1. ‘l’his implies a
design concept of demand-driven telemetty,
where the telemetry producers determine the
rate and si~.e of the telemetry packets they
produce, instead of a centralized packet
collector. In addition, the CCSDS standards
form a layered telemetry architecture, in which
each layer depends on a set ofwcll-defined
functions provided by the neighboring layers.
‘l-his design concept focuses on the telemetry
functions to bc performed, rather than the form
of the telemetry system, and allows the physical
design to be decoupled from the tclcmctry
collection process,

“l’he nature of the Cassini  mission
involves constraints which do not apply to other
spacecraft, in particular the earth-orbiting
spacecraft for which the CCSDS standards were
primarily designed. ‘J’hese constraints include a

limited dowtdink rate and constrained
transmission opportl]nitics,  which in turn affect
the design of the on-hoard data storage system.

“J’he trajectory for the Cassini  mission
requires telemetry links at distances up to 10
AU over three antennas (1 high-gain, 2 low-
gain), many times with a constrained attitude
due to thermal limitations. The downlink rates
for the first two years of the mission (with
exception of one month-long period) range
from 948 bits/see down to 20 bits/see. ‘J”hc
limited downlink rate is an implicit requirement
for efficient collection and trammission  of the
spacecraft telemetry. Because the CCSDS
standards require considerable overhead (96 bits
per telemetry packet, plus frame overhead), the
average size of a C.assini  telemetry packet is
approximately 8000 bits. ‘J-he large size results
in a header overhead which is approximately
15?40 (considered to be areasonable amount).
However, at the low downlink  rates during the
early part of the mission, large packet sizes and
large frame size (the Cassini frame size is fixed at
10112 I)its) create problems with frame
synchronization and measurement time-tagging.
The large transfer fralne size causes long
intervals between reception of sync signals at
low downlink rates, which increases the
likelihc)od of a ground glitch or transmission
channel noise causing an error which causes loss
of the frame. Large packet sizes result in long
periods between measurement updates (since
supercc}mmutated measurements cannot be
uniquely time-tagged, each packet contains only
one instance of a measurement).

The constrained downlink opportunities
come fi om the LNe of the Ilccp Space Network
(DSN), a necessary resource for deep-space
missions which is shared with many other
Spacccriift. ‘1’hc availability of the DSN
receiving stations drives the spacecraft data
storage design. A spacecraft design which
produces a regular and predictable amount of
telemetry is required as the scheduling of the
DSN s[ations is done months in advance and
only in emergency situations can a station be
requested “on-the-fly” (as opposed to most
earth-orbiting spacecraft which have continuous
coverage). ‘J”herefbrc the maximum volume of
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data collected between downlink  passes must be
known in advance to avoid losing data due to
oversubscription of the available storage volume.
It is difficult to develop an efficient telemetry
system with this constraint, given that science
instruments do not always produce predictable
amounts of data, due to the type of data being
taken or variable-ratio compression algorithms.
“l-he  collection and playback of tclemetly  must
bc balanced with the available downlink
opportunities.

J]]I, has a history of producing extremely
reliable spacecraft to perform the deep-space
science missions traditionally associated with
JPI,. A large part of ensuring the reliability of
J])I, spacecraft is in the testing and verification
done prc-launch.  J]}I, spacecraft are designed to
perform their ftlnctions  in a simple, reliable and
deterministic manner. ‘l”he TDM telemetry
system used on previous JPI, projects in
comp]ctcly  deterministic, and can be verified in
a straightforward manner. In contrast, the
systems envisioned by the CCXDS, which use
concepts such as demand-driven telemetry, are
more difficult (and time-consuming) to test
rigorously. IILIC to this issue, there is a
hesitancy at JP1,  to develop telemetry systems
which ft[lly utilize the potential of packet
telemetry systems. For example, the telemetry
system on Mars Obscrver  spacecraft, which
imp]cmcnted  the CXXDS telemetry standards,
required al] tc]cmctry  packet producers to use
the same packet size at all times. ‘l’he experience
of building the MC) design enabled the Cassini
telemetry systcm to take another step toward
demand-driven telemetry, but it is still limited
in its il~~]>lcl~~elltatio]l  of the design concepts
endorsed by the CCSIIS.

2.2 Architectural Decisions
in the Cassini  pre-project phase, a team

was formed to discuss how much c)f the CCSDS
tc]cmctry  standards would be incorporated in
the C.assini design. “1’hc decisions of this team,
whose members included developers of the MO
telcmcuy system, formed the basis of the Cassini
spacecraft tclcmctry  system. The protocol of the
CCSDS tclcmctry  standards was accepted, but
the concept of a demand-driven telemetry

system was not. One of the most significant
architectural decisions was to develop a
schedule-driven packet collection scheme, rather
than a demand-driven. lJnder this scheme, a
spacecraft telemetly  mode (STM) table would
be defl]led which would control the packet
collection, packet routing and associated
downlink  rate. Within a S1’M, packet sim and
rate from each source is fixed, but arc allowed to
be different in other S’1’MS. A set of STMS
would be developed to provide for the varied
telcrnet ry needs over the course of the mission.
Changes to any portion of the spacecraft
telemetry mode spcc:ification (collection, routing
or downlink  rate) rcquirccl the definition of a
new spacecraft telemetry mode. This approach,
althou~h it allows a packet telemetry system to
be used on a planetary spacecraft, still severely
constrains the spacecraft’s ability to allow data
produ( ers to independently determine and vary
both tile rate and amount of tclernetly  data they
produce over time.

u&s~D&n
With this architecture in place, the

designers of the spacecraft information system
began the process of developing in more detail
the spacecraft telemetry system. It soon became
evident that additional capabilities, which
expanded on the architectural design without
violating the architcctura]  principles, testability
or ground system capabilities, would be required
in order to have a viable telemetry system
desigjl. Many of these extensions incorporated
elements of the CCSI>S  telemetry philosophy.

An important capability is the ability of
a telemetry producer to vary the contents
(format) of their te[enwtry packets. Although
the C;DS collects telemetry from each producer
at a fixed rate and fixed packet siT.c (within a
STM), if the size and rate remain the same, the
instrliment  or subsystem may change the
contents of the packets produced based on
internal mode changes. “l’his allows some
telemetry variability within a given S1’M.  I“he
packet variations arc identified by a different
application process identifier (APID)  in the
packet header. However, since oJlly  a limited
number of bits is availablc for differentiating
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packet types, each subsystem is limited to at
most 64 packet variations.

Another capability available for packet
producers to val~ the contents of their packets is
through the use ofmini-packets. Mini-packets
are an extension of the CCSDS packet telemetry
standards which allow for greater flexibility in
placement of measurements within a packet.
Although changing the packet type provides
some variability, a significant restriction is that
within a packet type, measurement positions arc
fixed (due to constraints of the ground system).
~’his, in combination with the limited number
of packet types allowed per subsystem,
constrains the variability in a given subsystem’s
or instrument’s telemetry. This was especially
restrictive to the AACS  team, since the AACS
must provide accurate and regular telemetry for
correlation of science data and analysis of
control system performance (e.g., attitude and
rate data). Mini-packets arc small collections of
related measurements which have all been
sampled within a certain, small time-frame.
Mini-packets were first used on Mars Observer,
but their it~~}>lcllleI~tatioll was constrained -
limited to a fixed number of orientations.
Cassini  has extended the mini-packet concept to
allow placcmcnt  of mini-packets anywhere
within the packet, enabling much more flexible
and even t-d riven tclcnmtryz.  In addition,
Cassini  mini-packets contain small time-tags,
which when combined with the packet time-tag,
provide fine timing resolution within the packet
(i.e., beyond the accuracy provided by the
packet time-tag). As a result, many instances of
the same mini-packet can be cotlectcd  and
placed in the same packet, allowing
measurement sampling at a rate greater than the
packet collection rate, without the difficulties of
st~}>crcoll~t~~t]tatiol~.  ‘l<hc Cassini
i mplcmcntat  ion of mini-packets required some
modifications to the ground system software,
but due to the support of ground system
dcvclopcrs  duriJlg the process, a design which
provided the required capabilities m the
spacecraft was developed with minimal cost and
impacts.

IJ~ order to provide packet producers
with the capability to adjust the rate as WCI] as

the contents of telemetry packets, a concept
known as “zero-length packets” (ZI.PS) was
introduced. Z.].]% arc packets produced when
an instrument has not collected enough
information to provide a packet at the scheduled
packet pickup. ZIPS arc identified by setting
the length field in the packet header to an
invalid (too small) VJIUC, but the actual size of
the packet is the si~.c defined for that producer
in the current S’1’M. ZIPS arc collected by the
CDS, but arc not stored or downlinked. “l’his
allows instruments to usc only as much of their
packet collection rate allocation in a given S’17M
as needed. ‘1’hc packet collection rate allocation
is usually set at the maximum data rate the
instrument is allowed to produce in that SI”M,
so the instruments can vary the effective output
data ra[e without affecting the spacecraft
telcmet ry mode. q “his allows instruments with
variable-ratio compression algorithms to use ICSS
downlink bandwidth and avoid storing packets
which contain Jlo data OJI the SSR. “l<his
capability, which gives the packet producers
Iimitcd control over the volume of data
produ(cd,  is a significant step toward allowing
demand-driven tclcnmtry.

LO Resulting  Capabilities
As a result of the implementation of the

Cassini telcmmy systcm, many of the
capabilities envisioned by the C,CSDS  have been
made }Jossible within the mission and
architectural constraints. Additionally, there
have been some resulting benefits which increase
the quality of the spacecraft telemetry.

While the Cassini  spacecraft telemetry
system began as a very limited implementation
of the CCSDS standards and philosophies, the
additiona] capabilities which were incorporated
show an evolution toward the (XXIX design
concepts. “l’he S7’h4s used by Cassini  limit the
number of telemetry producers at a given time
and also dictate the amount of data each
producer is allowed to produce. However, the
zero-length packet concept allows a tclcmctry
producer to vary the actual data volume within
the limit set by the S’~’M. In addition, changing
the packet type or the use of mini-packets gives
telemetry produccm a great deal of control over
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the telemetry produced. When these concepts
arc used effectively by the telemetry producer,
the very efficient use of the limited telemetry
resources can be accomplished.

in addition, the mini-packet concept
provided a secondary benefit to the end-users of
the spacecraft telemetry - greater measurement
intcrcorrelation.  Onc of the results of the large
siz.c of the Cassini  telemetry packets is coarse
indication of measurement sampling time.
Even at high downlink rates, several seconds
may pass bctwccn  the collection ofsuccessivc
packets from an engineering subsystem.
Because measurements arc time-tagged with the
packet time, it is difficult to determine exactly
when a measurement changes values or when
measurements within a packet were sampled
with respect to onc another. However, nlini-
packets ian be used to samp]e measurements
faster than once per packet. ‘l”his allows for
much better resolution of important
measurements and better intercorrelation
hctwcen  measurements bccausc the mini-packet
time-tag applies to a smaller number of
measurements.

4.0 Conclusions
‘l<hc CCSDS telemetly  standards can be

successfully applied to deep-space planetary
missions, even in an environment of rigorous
testing, design conservatism and biased culture.
‘l’he Cassini  tclcmctry  system is an cxarnple of
this, as it incorporates the CCSDS protocols
and even with severe architectural constraints, is
a flexible tclcmctry  systcm not urdikc the
systems envisioned by the CC. SDS designers.
‘l”his was accomplished by developing solutions
which allowed variability in the spacecraft
telemetry while remaining within the
architcctura]  tenets of the design and the
constraints of the mission. ‘l-he Cassini design
solutions, and the solutions used on the Mars
Observcr  spacecraft, reflect an evolution in JP1.
spacecraft telemetry systems away from the
traditional time-division-multiplexed systems
toward systems which completely embrace the
CCSDS standards and philosophy.

“l’he work described in this paper was
carried out at the Jet ]Jropulsion  I.aboratory,
Califorjlia  Institute cjf-]’ethnology, under a
contract with the National Aeronautics and
Space Administration. ‘l’he implementation of
the Cassini spacecraft telemetry system is based
upon emly work in the spacecraft information
system done by Sandy Kramer.
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